We present the results of a 5-month photometric time-series survey for stellar rotation periods combined with a 4-year radial-velocity survey for membership and binarity in the 220 Myr open cluster M34. We report surface rotation periods for 120 stars, 83 of which are kinematic and photometric late-type cluster members. A comparison to previous work serves to illustrate the importance of 4 Also Physics Department, Fisk University, Nashville, TN, 37208 -2 -high cadence long baseline photometric observations and membership information. The new M34 periods are less biased against slow rotation and cleaned for non-members. The rotation periods of the cluster members span over more than an order of magnitude from 0.5 day up to 11.5 days, and trace two distinct rotational sequences -fast (C) and moderate-to-slow (I) -in the color-period diagram. The sequences represent two different states (fast and slow) in the rotational evolution of the late-type cluster members. We use the color-period diagrams for M34 and for younger and older clusters to estimate the timescale for the transition from the C to the I sequence and find 150 Myr, ∼150-300 Myr, and ∼300-600 Myr for G, early-mid K, and late K dwarfs, respectively. The small number of stars in the gap between C and I suggest a quick transition. We estimate a lower limit on the maximum spin-down rate (dP/dt) during this transition to be ∼0.06 days/Myr and ∼0.08 days/Myr for early and late K dwarfs, respectively. We compare the I sequence rotation periods in M34 and the Hyades for G and K dwarfs and find that K dwarfs spin down slower than the Skumanich √ t rate. We determine a gyrochronology age of 240 Myr for M34. The gyro-age has a small formal uncertainty of 2% which reflects the tight I sequence in the M34 color-period diagram. We measure the effect of cluster age uncertainties on the gyrochronology age for M34 and find the resulting error on the gyro-age to be consistent with the ∼ 15% error estimate for the technique in general. We use the M34 I sequence to redetermine the coefficients in the expression for rotational dependence on color used in gyrochronology. Finally, we propose that stability in the phase, shape, and amplitude of the photometric variability for the 120 rotators over the ∼5 month duration of our survey, is due to spot generation at active stellar longitudes.
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INTRODUCTION
The angular momentum of a late-type star is not conserved and is depleted at varying rates over its lifetime. The changes with time of this fundamental stellar property is an integral part of the formation and evolution of the Sun and stars similar to it. Our understanding of the rate and timing of the depletion of stellar angular momentum is tied to our understanding of the physical mechanisms responsible for redistribution of angular momentum inside of stars, and for the generation and evolution of the magnetic fields by which angular momentum is lost externally. Observing the rotational evolution for late-type stars of different masses, and thus different internal structures, is a critical step toward identifying which physical processes are at work and when.
Open star clusters present coeval and homogeneous populations of stars over a range of masses and with well known ages. They are therefore ideal systems for studying stellar rotation as a function of mass and age. Calibrated relationships, based on observations in clusters, allow rotation to be used as an indicator of stellar age (gyrochronology, see e.g. Barnes 2003 Barnes , 2007 Mamajek & Hillenbrand 2008; Soderblom 2010 ). An important early example is the study by Skumanich (1972) of solar-type stars in the Pleiades and Hyades from which the relation between stellar projected rotation velocity and age (v sin i ∝ t −0.5 ) derive. Subsequent observations of v sin i for late-type dwarfs in young ( 600 Myr) open clusters revealed bimodality and large dispersions in rotation rates, but no clear relationship to stellar mass (e.g. Soderblom et al. 1983 Soderblom et al. , 1993 Stauffer et al. 1984 Stauffer et al. , 1985 Stauffer et al. , 1989 Stauffer & Hartmann 1987; Terndrup et al. 2000; Soderblom et al. 2001; Terndrup et al. 2002) . In the Hyades (625 Myr; Perryman et al. 1998) , Radick et al. (1987) found that the rotation of even the most rapidly spinning F, G, and K (FGK) dwarfs has converged toward a mass-dependent rate. Such observations combined with rotational data for late-type stars in the pre main-sequence (PMS) phase (see Herbst et al. 2007 , for a review), have shown that their early angular momentum evolution is highly dynamical and that there are gaps in our understanding of it.
Models of the evolution of angular momentum have developed in parallel with the observations and have become increasingly sophisticated. The angular momentum loss rate for a late-type star is expressed in terms of its spin velocity, mass, radius, and mass loss rate through a magnetized stellar wind (e.g. Kawaler 1988; Pinsonneault et al. 1989; Bouvier et al. 1997; Sills et al. 2000; Barnes et al. 2001; Denissenkov et al. 2010 ). The loss rates predicted by Weber & Davis (1967) and subsequent theoretical studies are consistent with the observed Skumanich relation under certain assumptions about the production (a linear dynamo) and geometry of the stellar magnetic field. However, to account for the observed evolution from the PMS phase to the Sun, current models have come to include additional elements such as "saturation" of the wind-loss at a mass-dependent threshold rotation velocity (e.g. MacGregor & Brenner 1991; Chaboyer et al. 1995; Barnes & Sofia 1996; Krishnamurthi et al. 1997; Sills et al. 2000; Tinker et al. 2002) , magnetic braking of stellar rotation by a circumstellar disk during the PMS phase ("disk-locking", e.g. Koenigl 1991; Shu et al. 1994; Krishnamurthi et al. 1997; Barnes et al. 2001; Sills et al. 2000; Denissenkov et al. 2010) and decoupling followed by re-coupling on a mass-dependent timescale of the star's radiative core and convective envelope (e.g. Endal & Sofia 1981; MacGregor & Brenner 1991; Jianke & Collier Cameron 1993; Denissenkov et al. 2010) . The increasing complexity of the models stresses the importance of obtaining and analyzing new and better observational data, especially at ages between the Pleiades (∼125 Myr) and the Hyades (∼625 Myr).
Presently, measurements of the surface rotation velocity or period provide the best empirical constraints on stellar angular momentum models. Early studies in open clusters measured primarily v sin i, requiring only one measurement of the Doppler broadening of spectral lines to produce a result. This technique is useful for stars that rotate faster than a threshold velocity set by the spectral resolution, but the result is ambiguous due to the unknown stellar radius (R) and spin-axis inclination (i). Accordingly, recent work has focused on direct measurements of the stellar rotation period from brightness modulations by star spots (e.g. Prosser et al. 1995; Krishnamurthi et al. 1998; Barnes 2003; Irwin et al. 2007; Meibom et al. 2009; Collier Cameron et al. 2009; Hartman et al. 2009 Hartman et al. , 2010a . The rotation period is independent of i and R and only mildly affected by latitudinal differential rotation. Its detection is limited to stars with periodic brightness variations with amplitudes above a threshold set by the photometric precision and requires access to uninterrupted telescope time with a duration of at least twice the number of nights of the longest period one wants to measure. Nevertheless, dedicated time-series photometric surveys of cool stars in young open clusters have begun to reveal mass-and time-dependencies on stellar rotation not previously discernible in the v sin i data (e.g. Barnes 2003; Hartman et al. 2009 ) -and in particular when combined with information about cluster membership to produce the cleanest samples (Meibom et al. 2009; Collier Cameron et al. 2009; Hartman et al. 2010a ).
The emergence from these studies of distinct groups of coeval fast and slowly rotating stars, forming tight "rotational sequences" in the color vs. rotation period plane, have opened a new window on the angular momentum evolution of late-type stars. Indeed, the observed time-and mass-dependent changes in the distributions of stellar rotation period vs. color, promise to make the color-period diagram an important testing ground for future models of angular momentum evolution -much like the color-magnitude diagram was and still is for models of stellar evolution. This paper joins a series of studies to employ the color-period diagram in order to empirically describe the relationship between stellar surface rotation, age, and mass for late-type stars. Our earlier study (hereinafter Paper I; Meibom et al. 2009 ) targeted the ∼180 Myr open cluster M35. Here we present the results of an extensive multi-month time-series photometric survey for rotation periods and a multi-year spectroscopic survey for membership and binarity in the field of the open cluster M34 (NGC 1039). M34 is a northern hemisphere cluster located ∼470 pc (Jones & Prosser 1996) toward the galactic anti-center (α 2000 = 2 h 42 m , δ 2000 = 42
• 45 ′ ; l = 143.
• 7, b = −15.
• 6) with an estimated reddening of E B−V = 0.07 (Canterna et al. 1979) . Recent age estimates derived from fitting stellar evolution isochrones to the cluster color-magnitude diagrams range from 177 Myr (Meynet et al. 1993 ) to 251 Myr (Ianna & Schlemmer 1993) . James et al. (2010) derived a mean gyrochronology age of 198 ± 9 Myr. We adopt a fiducial (average) stellar evolution age of 220 Myr for this paper. The metallicity of M34 is found to be close to solar (Fe/H ∼ 0.07 ± 0.04; Schuler et al. 2003; Steinhauer 2010) .
Section 2 describes the photometric and spectroscopic observations, data-reduction, and determination of rotation periods and cluster membership. Section 3 presents our results and comparisons to results from prior rotational studies in M34. Section 4 offers analysis and discussion of the M34 color-period diagram in the context of early angular momentum evolution and of gyrochronology. Summary and conclusions are given in Section 5.
OBSERVATIONS, DATA-REDUCTION, AND ROTATION PERIOD DETERMINATION
The photometric and spectroscopic observations presented in this paper for stars in M34 were taken in parallel with the observations for Paper I. We have reduced and analyzed the M34 data using the same procedures and methods. Thus, we provide here only basic information about the observations, data-reduction, and determination of rotation periods and cluster membership, and refer to Meibom et al. (2009) for a more detailed description.
Time-series photometry

Observations
We obtained time-series photometry over a time-span of 143 days for a 40 ′ × 40 ′ region centered on the open cluster M34. The photometric data were obtained in the Johnson V-band with the WIYN 0.9m telescope 1 on Kitt Peak equipped with a 20
The dataset presented is composed of images from high-frequency (approximately once per hour for 5-6 hours per night) time-series photometric observations over 16 full nights from 2-17 December 2002, complemented with a queue-scheduled observing program over 143 nights from 22 October 2002 to 11 March 2003, obtaining one image per night interrupted only by bad weather and scheduled instrument changes. The result is a database of differential V-band light curves for 5,656 stars with 12 V 20.8.
The sampling frequency of the December 2002 observations allows us to detect photometric variability with periods ranging from less than a day to about 10 days. The long time-span of the queue-scheduled observations provide data suitable for detecting periodic variability of up to ∼ 75 days, and for testing the near-term stability of photometric variations. From this database we derive rotation periods for 120 stars. Figure 1 displays the time-series data from both observational programs for a photometrically non-variable star. Black symbols represent the high-frequency observations and grey symbols represent the queue-scheduled observations. 
Basic reductions, photometry, and light curves
Basic reductions of our CCD frames, identification of stellar sources, and computations of equatorial coordinates 2 were done using standard IRAF packages. Instrumental magnitudes were determined from Point Spread Function (PSF) photometry using the IRAF DAOPHOT package. The analytical PSF and a residual look-up table were derived for each frame based on ∼30 evenly distributed isolated stars. The number of measurements in the light curves vary because stars near the edges of individual frames may be missed due to telescope pointing errors, while bright stars near the CCD saturation limit and faint stars near the detection threshold may be excluded on some frames because of variations in seeing, sky brightness, and sky transparency. To ensure our ability to perform reliable time-series analysis on stars in our database, we have eliminated stars that appear on fewer than 50 frames.
We applied the Honeycutt (1992) algorithm as implemented in Stassun et al. (1999 Stassun et al. ( , 2001 for differential CCD photometry to our raw light curves to remove non-stellar frameto-frame photometric variations. Figure 2 shows the standard deviation of the photometric measurements as a function of the apparent V magnitude for each star in the field of M34. The relative photometric precision is ∼0.5% for stars with 12.5 V 15.5.
Photometric period detection
We employed the Scargle (1982) periodogram analysis to detect periodic variability in the light curves because of its ability to handle unevenly sampled data. We searched 5000 frequencies corresponding to periods between 0.1 day and 90 days. The lower search limit was set at a period ensuring critical sampling based on the Nyquist critical frequency for our high-frequency data (f c = 1/(2δt), where δt is the sampling interval of ∼1 hour). The upper limit was set at 90 days because a star with a 90-day period would complete about 1.5 cycle over the 143 nights of the survey.
A false alarm probability (FAP), the probability that a signal detected at a certain power level can be produced by statistical fluctuation, was calculated as the measure of confidence in a detected period. The FAP for each star is based on a two-dispersion Monte Carlo calculation generating 100 synthetic light curves. The maximum power of the resulting 100 periodograms was adopted as the level of 1% FAP, and used as the initial threshold for detecting significant photometric variability. For all stars that met the FAP criterion we examined -by eye -the periodogram and raw and phased light curves. We report stellar rotation periods for 120 stars in our database (see Table 1 in Appendix B).
The Spectroscopic Survey
We observed M34 from 2001 to 2004 as part of the WIYN 3 Open Cluster Study (WOCS; Mathieu (2000)). A total of 3320 spectra has been obtained of 437 FGK stars within a 1-degree field centered on the cluster. The selection of spectroscopic target stars was based on photometric membership data (Deliyannis (2010) , see Section 2.3). In the M34 B − V vs. V color-magnitude diagram (CMD), stars on or less than 1. m 0 above and less than 0. m 5 below the cluster main sequence were selected between V of 12 (∼ 1.4 M ⊙ ) and 17 (∼ 0.6 M ⊙ ). All spectroscopic data were obtained using the WIYN 3.5m telescope equipped with a multiobject fiber optic positioner (Hydra) feeding a bench mounted spectrograph. Observations were done at central wavelengths of 5130Å or 6385Å with a wavelength range of ∼200Å including many narrow absorption lines as well as the Mg B triplet. Radial velocities with a precision of 0.5 km s −1 (Geller et al. 2008) were derived from the spectra via crosscorrelation with a high S/N sky spectrum.
Of the 120 stars with rotation periods presented in this study, 74 have one or more radial-velocity measurements (the remainder being below the faint limit of the spectroscopic survey or photometric non-members). The radial-velocity cluster membership probability of each star is calculated using the formalism by Vasilevskis et al. (1958) and the stellar mean radial velocity. We have adopted P RV = 40% as the threshold for assigning radialvelocity cluster membership. A separate paper describing the spectroscopic survey of M34 and presenting the resulting membership information will follow. Figure 3 shows the B −V vs. V color-magnitude diagram (CMD) for M34. The photometry was kindly provided by Deliyannis (2010) who obtained BVRI data over a ∼ 40 ′ × 40 ′ field on the cluster using the WIYN 0.9m telescope. We highlight only those of the 120 rotators that have been found to be either photometric, proper-motion (Jones & Prosser 1996) , or radial-velocity cluster members. Stars selected as photometric members are shown in blue. Stars that are proper-motion members are overplotted in green. Radial-velocity members are marked in red. The fraction of late-F and G dwarf members in M34 with measured rotation periods is 22%, and the fraction of K dwarf members in M34 with measured rotation periods is 23%. We thus find no difference in the detection rate as a function of stellar color (mass) or brightness in the range of interest to this study.
The M34 Color-Magnitude Diagram and Cluster Membership
Of the 92 photometric members 9 are kinematic non-members bringing the sample of cluster members with rotation periods to 83 stars. These 83 stars constitute our study sample for M34 in this paper. Figure 4 shows the distribution of all 120 rotation periods determined in this study. The distribution spans over more than an order of magnitude from from ∼0.1 days to ∼23 days, showing that we are capable of detecting rotation periods down to the pseudo-Nyquist period-limit of about 2 hours (∼ 0.08 days) resulting from our sampling cadence of about 1 hr −1 in December 2002. The shortest rotation period for a cluster members is 0.49 days, suggesting that the lower limit of 0.1 days for our period search was set appropriately for the stars in M34. The long-period tail of the period distribution for all 120 rotators falls off at ∼12-13 days, but 4 stars have longer periods. The longest rotation period among cluster members is 11.5 days, while rotation periods of ∼14, 15, 18, and 23 days are found among field stars. This may suggest that we observe a physical upper limit on the rotation period distribution among FGK dwarfs in M34. It is possible that we are not detecting the photometric variability of members with even slower rotation if the frequency and size of spots on such stars is insufficient for detection with the photometric precision of our data (e.g. Stassun et al. 2004 Stassun et al. , 2007 . Constraining the rotation for such slowly rotating stars will require either higher photometric precision (see e.g. Hartman et al. 2010b; Irwin et al. 2010) or high-resolution (R 50, 000) spectroscopic observations to measure projected rotation velocities.
RESULTS
Rotation periods
The M34 color-period diagram
We focus now on the 83 members of M34 with measured rotation periods. In Figure 5 we display their rotation periods against their B − V color indices. Dark blue symbols represent stars that are both photometric and kinematic (radial-velocity and/or proper-motion) members of M34. Light blue symbols are used for stars that are photometric members only. The color indices derive from the multi-band photometry by Deliyannis (2010, Section 2.3) corrected for a reddening of E B−V = 0.07. The corresponding stellar masses are estimated from a 200 Myr Yale isochrone (Yi et al. 2003, see Figure 3 ) and marked on the upper x- because the corresponding stellar mass is model dependent and includes additional errors and uncertainties in the color-mass transformation.
M34 is less rich and closer than M35 (Paper I) and in a less crowded stellar field. Therefore, on average, more radial-velocity measurements were obtained on any given candidate cluster member and to a fainter magnitude limit. Stars with variable radial velocities were observed more frequently than velocity stable stars. The median number of velocity mea-surements for radial-velocity members is 10, with a minimum and a maximum of 3 and 18 velocities, respectively. Accordingly, the M34 color-period diagram represent an exceptionally "clean" sample of coeval single and close binary FGK dwarfs, showing the preferred stellar rotation periods as a function of color for 220 Myr late-type stars. The 83 members lay primarily along two rotational sequences. One sequence displays a narrow diagonal band of stars whose periods are increasing with increasing color (decreasing mass). The second sequence consists of rapidly rotating (P rot 2 days) stars. A subset of stars are found distributed between these two sequences, and one late-F single member has a rotation period about twice that of similar cluster stars placing it above the diagonal sequence in Figure 5 .
Our spectroscopic survey allow us to identify single and close binary stars among the M34 members. Figure 6 shows the location in the color-period diagram of 19 single and 6 close binary members. The single stars are marked with additional filled black circles. These stars have 5 or more radial-velocity measurements with a standard deviation of less than 0.5 km s −1 (our radial-velocity measurement precision). Stars identified as close binaries are marked with additional open circles. These stars have between 14 and 18 radial-velocity measurements with a standard deviation above 2.5 km s −1 (5σ). The remaining (36) radialvelocity members have velocity standard deviations in the "grey-zone" between 0.5 km s −1 and 2.5 km s −1 . Orbital parameters have been determined for 5 of the close binaries. These are marked with arrows in Figure 6 . The binary primary star with P rot = 8.0 days and (B − V ) 0 = 1.03 is in a 4.39 day circular (e = 0.063 ± 0.033) orbit and thus rotates at a sub-synchronous velocity. The 8 day rotation period is confirmed by James et al. (2010) , and in neither study does a 4.39 day rotation period lead to a well-phased light curve. This binary and its tidal evolution is discussed in Meibom et al. (2006) . The binary primary star with P rot = 4.3 days and (B − V ) 0 = 0.69 is in a 4.30 day circular (e = 0.097 ± 0.006) orbit, and has synchronized its rotation to its orbital velocity. The three remaining binaries with orbits have periods of 280, 715, and 1075 days. We refer to Meibom et al. (2006, Section 5) for a discussion of why the detected photometric variability represent rotation of the binary primary star. Further study of the distribution of single and binary primary stars in the color-period diagram will be presented in a forthcoming paper.
Comparison with previous work
Two recent papers present rotation periods for late-type stars in M34 based on timeseries photometry. Irwin et al. (2006) Jones & Prosser (1996) .
We compare here the rotation periods for stars in common between the two studies and our own. This comparison serves as a test of our own results as well as to illustrate how 1) the time-span and cadence of the photometric time-series affects the ability to correctly determine the rotation periods for, in particular, more slowly rotating stars, and 2) erroneous period determinations combined with contamination from field stars can conspire to obscure the dependencies between stellar rotation and color (mass). Figure 7 shows a direct comparison of rotation periods for 33 stars (left) and 29 stars (right) in common between the present study and Irwin et al. (2006) and James et al. (2010) , respectively. Allowing for a 10% deviation to accomodate period uncertainties, we find that for periods beyond ∼5 days, half of the periods published by Irwin et al. are significantly shorter than ours. This systematic trend toward shorter periods (bias against longer periods) in the Irwin et al. study is almost certainly due to the nature of their observations of M34 -half nights over a relatively short 10-night campaign. We note that the overall photometric precision of the two studies is similar. The comparison thus demonstrates the importance of the long time baseline and the frequency of observations to measure the true periods for the more slowly rotating cluster members.
With a 17-night baseline and observations acquired throughout the entire nights, the rotation periods determined by James et al. (2010) are in better agreement with ours. Four periods of 6 days and longer deviate significantly, with 3 of the James et al. periods lying on or close to the phase-halving line. We too have 3-4 gap stars (see Figure 5 ) with periods near half the period of corresponding stars on the I sequence. In all three studies, if such periods are indeed half the true periods, it is likely because of spots at two opposite active longitudes at the time of the observations that could not be resolved with the sampling and photometric precision in the respective datasets.
While seemingly innocuous in Figure 7 , erroneous period detections combined with small stellar samples and contamination from field stars can act to obscure the dependencies of stellar rotation on mass and age revealed in color-period diagrams for open clusters. This is well illustrated by a comparison of the color-period diagrams with the results of the three studies of M34. We show in Figure 8 the color-period diagrams based on the results from Irwin et al. (2006, top) , James et al. (2010, center) , and from the present study (bottom). We have used the color-color transformation by Caldwell et al. (1993) and E V −I = 1.25 × E B−V to convert the V − I colors in Irwin et al. (2006) to (B − V ) 0 . We note that the areal coverage of the Irwin et al. and James et al. surveys are ∼75% and ∼50% of ours. However, the comparison is qualitative and the number of erroneous period determinations and the contamination by field stars will increase in proportion to the number of stars observed (area). We note that the differences between the current and prior studies are not due to just deviating periods among cluster members or just contamination by non-members, but rather a combination of both.
While all three color-period diagrams in Figure 8 capture the large dispersion in stellar rotation among late-type stars in M34, the striking morphology visible in our new results is largely hidden in the top and center panels. Previous authors (e.g. Barnes 2003; Meibom et al. 2009; Hartman et al. 2009; Irwin et al. 2009; James et al. 2010 ) have noted persistent features in the period-color diagram. The diagonal sequence of stars on which rotation periods increase with color, the sequence of rapidly rotating stars, and the region in between, was dubbed the I sequence, the C sequence, and the gap, respectively, by Barnes (2003, hereinafter B03) . We demonstrate in the sections to follow how the rotational sequences in the color-period diagram for clusters of different ages enable detailed study of the angular momentum evolution of cool stars.
Finally, Figure 9 shows the v sin i measurements from Soderblom et al. (2001) against our rotation periods for 12 members of M34. The solid, dashed, and dotted curves show the relation between rotation period and the v sin i for a solar-like star with a 90
• , 70
• , and 50
• inclination of the rotational axis, respectively. The 3 stars with rotation periods of 1 day have correspondingly high v sin i values. James et al. (2010, center) , and from the present study (bottom).
ANALYSIS AND DISCUSSION
The color-period diagrams for young open clusters like M34 have emerged as important tools for describing the rotational properties of low-mass stars after the PMS phase (e.g. Fig. 9 .-Projected rotation velocities (Soderblom et al. 2001 ) plotted against the measured rotation period for 12 stars in M34. All stars have radial-velocity cluster membership probabilities larger than 75% and none of the 12 stars are spectroscopic binaries. For comparison, the solid, dashed, and dotted curves indicate the relation between rotation period and the projected rotational velocity for a solar-like star with a 90
• inclination of the rotational axis, respectively. The rotation periods and the projected rotation velocities are consistent for all 12 stars. Irwin et al. 2009; Meibom et al. 2009; Hartman et al. 2009 Hartman et al. , 2010a James et al. 2010 ). The mass-and time-dependent changes of the sequences in the color-period diagram therefore makes it an important testing ground for models of stellar angular momentum evolution -much like the Hertzsprung-Russell diagram for models of stellar evolution. Here we compare the M34 color-period diagram to those of younger and older clusters with the goal of estimating the timescale and rate for spin-down of the stellar surface and its dependence on stellar mass.
Timescales for transition from fast to slow rotation
In Figure 10 we show the color-period diagram for M34 with the color-period diagrams for the Pleiades (125 Myr), M35 (180 Myr), NGC3532 (300 Myr), M37 (550 Myr), and the Hyades (625 Myr). The diagrams are shown in chronological order with the youngest cluster in the top panel. All clusters display distinct I and C sequences and sample well the age range between the ZAMS and the age of the Hyades. We can use this line-up of color-period diagrams to estimate the timescale for the rotational evolution of stars off the C sequence and onto the I sequence for stars of different masses.
Already by the age of the Pleiades and M35 the number of rapidly rotating G dwarfs on the C sequence is small, whereas the G dwarfs I sequences are rich and well defined. Observations in the even younger clusters IC2391 (∼30 Myr Patten & Simon 1996) , IC2602 (∼30 Myr Barnes et al. 1999) , and Alpha Per (∼50 Myr Prosser et al. 1993 ) find C sequences well populated by G dwarfs (see Barnes 2003) . Together, these results suggest that the characteristic timescale for G dwarfs to evolve off the C sequence and onto the I sequence is less than ∼150 Myr. By the ∼300 Myr age of NGC3532, the rich populations of earlyand mid-K dwarfs found on the M35 C sequence have evolved onto the I sequence, while the NGC3532 C sequence and gap are populated by late K dwarfs. This change suggests that early to mid K dwarfs evolve onto the I sequence on a timescale between 150 and 300 Myr, or approximately twice the time required for G dwarfs. Finally, by the age of M37 and the Hyades, mostly early M dwarfs are found on the C sequence or in the gap, suggesting that late-K dwarfs evolve off the C sequence and onto the I sequence within ∼600 Myr, or approximately twice the time required for the early to mid K dwarfs. (Hartman et al. 2009 ) and the Hyades (Radick et al. 1987) . The cluster names and ages are given in upper left of each panel.
The low density of stars in the gap region for all of these young clusters indicates that stars spend less time in this part of the diagram than on the C and I sequences (a feature of the color-period diagram that is similar to the Hertzsprung-gap in the color-magnitude diagram). The narrow C and I sequences in both the Pleiades and M35 also suggest that the rapidly rotating C stars lose little angular momentum until they quickly evolve through the gap and onto the I sequence. Accordingly, their surface spin-down rate (dP/dt) must reach a maximum value in the gap. We can derive a rough estimate of (dP/dt) gap for K dwarfs from the I and C sequences for the Pleiades. To that end we make the assumption that the Pleiades C sequence represent the rotation periods for K dwarfs at the ZAMS and that the periods of the Pleiades K dwarfs on the I sequence are representative of post-gap rotation. Accordingly, the early K I sequence dwarfs with periods of ∼6 days and the late K I sequence dwarfs with periods of ∼8 days have spun down from the ∼0.5 day periods over ∼100 Myr. This corresponds to (dP/dt) gap of ∼0.06 days/Myr and ∼0.08 days/Myr for early and late K dwarfs, respectively. These are crude estimates, as described, and the spin-down rate will not be constant as a star transition through the gap. The maximum (dP/dt) gap will likely be higher than the derived values.
The timescales for the transition from fast (C sequence) to slow (I sequence) surface rotation as well as the lower limit on the maximum spin-down rate though the gap, offer constraints on the rates of internal and external angular momentum transport and on the evolution of stellar dynamos in late-type stars of different masses.
Testing the Skumanich √ t Spin-Down Rate Between M34 and the Hyades
We show in Figure 11 (left) the color-period diagrams for M34 and the Hyades. The rotational evolution over the ∼400 Myr age-gap is clearly visible with the Hyades I sequence G and K dwarfs offset to longer periods. Also, the 3 late K/early M Hyades C sequence dwarfs appears to have evolved into the gap. Once stars have converged in their rotational evolution onto the I sequence it is assumed that they steadily lose angular momentum through a solar-type wind and spin-down following the Skumanich √ t spin-down law. Indeed, Skumanich (1972) used v sin i measurements for early-G I sequence stars in the Pleiades and Hyades. With a well-defined I sequence extending to late-K dwarfs in M34 we can directly test whether the evolution of the surface rotation period for K dwarfs follow the √ t timedependence between the ages of M34 and the Hyades. In the right panel of Figure 11 we have artificially spun up the Hyades stars by a factor of 625/220 in accordance with the Skumanich spin-down law. The spun-up Hyades I sequence G dwarfs coincide with the corresponding M34 stars, while the Hyades I sequence K-dwarfs have rotation periods systematically shorter than the M34 K dwarfs. We conclude that while the G dwarfs follow the Skumanich spin-down law, the K-dwarfs spin down slower than the √ t rate from 220 Myr to 625 Myr. A similar result was found from our comparison of M35 (180 Myr) with the Hyades (Paper I). 
Gyrochronology and the gyro-age of M34
The I sequence in the color-period diagram, onto which essentially all FGK dwarfs evolve within ∼600 Myr (see Figure 10) , provide the basis for establishing empirically the relationship between stellar rotation and stellar color (mass) at a given age. Accordingly, color-period diagrams for clusters of different ages can be used to establish the relationships between stellar rotation and stellar age for stars of different masses.
B03 introduced, and Barnes (2007, hereinafter B07) modified, a heuristic functional form (P (t, B − V ) = g(t) × f (B − V )) to represent the dependency of the I sequence. P (t, B − V ) define one-parameter families, with that parameter being the age of the stellar population, and the resulting curves in the color-period plane represent rotational isochrones. B07 proposed
with values for the a, b, c, and n coefficients determined using the I sequences from multiple young open clusters. A value of 0.52 was determined for the n index in g(t) by demanding solar rotation at solar age. We note that Mamajek & Hillenbrand (2008) determined different coefficients in the gyrochronology relation than B07.
In Paper I we used the tight M35 I sequence to redetermine the a, b, and c coefficients in f (B − V ). Here, we wish to use f (B − V ) determined from the M35 I sequence to determine a new gyrochronology age (gyro-age) for M34. Furthermore, to illustrate the effect of an uncertainty in the age of M35 on the gyro-age for M34, we determine f (B−V ) from M35 using three different ages for that cluster that span the range set by modern photometric studies: 160 Myr (Sarrazine et al. 2000) , 180 Myr (Kalirai et al. 2003) , and 200 Myr (Sung & Bessell 1999) . Table 1 lists the a, b, and c coefficients for f (B − V ) resulting from non-linear least squares fits of P (t, B − V ) to the M35 I sequence with t = 160 Myr, t = 180 Myr, and t = 200 Myr, respectively. Note that only the a coefficient is affected significantly by a change in age.
Using the three sets of coefficients (and n = 0.52) and assuming no prior knowledge of the age of M34 (letting t be a free parameter), we perform a non-linear least squares fit of P (t, B − V ) to the M34 I sequence stars. The best fits for the three different isochrones all fall within the black solid curve shown in the left panel of Figure 12 . The corresponding gyroages are 213 ± 4 Myr, 240 ± 4 Myr, and 266 ± 5 Myr, respectively, for assumed M35 ages of 160 Myr, 180 Myr, and 200 Myr. The range in gyro-ages for M34 directly reflects the assumed uncertainty on the age of M35 through the coefficients in f (B − V ). It corresponds to ±10% deviations from the mean gyro-age of 240 Myr that results from using an age of 180 Myr for M35 -the age adopted for this paper. For comparison, B07 estimate the representative errors associated with the gyrochronology technique to ∼15% based on a more sophisticated analysis of errors in the measured stellar rotation periods, colors, and cluster ages. The range in M34 gyro-ages overlaps with the range of stellar evolution ages for the cluster and include the mean stellar evolution age of 220 Myr adopted for this paper. We conclude that the gyro-ages derived for M34 are consistent with the stellar evolution age for the cluster, and that the measured effect of age uncertainties for M35 on the M34 gyro-age is consistent with the error analysis by B07. We adopt the gyro-age of 240 Myr for M34 corresponding to an age of 180 Myr for M35.
We emphasize the small formal (1σ) error on the gyrochronology age of M34. Assuming that all I sequence stars are truly coeval, the ∼5 Myr standard error gives a formal uncertainty on the gyro-age for M34 of only 2%. This small formal uncertainty, which does not include possible systematic errors in gyrochronology, reflect the well-defined I sequence in M34. We show in the right panel of Figure 12 , the distribution of gyro-ages for all M34 I sequence stars calculated using P (t, B − V ) with coefficients determined from M35 with an assumed age of 180 Myr. The mean and median ages of the distribution are 240 Myr and 246 Myr, respectively. The most deviant gyro-ages in the distribution (< 180 Myr and > 320 Myr) are for late F and early G type stars near the blue and steepest part of the I sequence, where the deviation from the rotational isochrone is a larger fraction of the stellar rotation period. Fig. 12. -Left: The location on the M34 I sequence of the best fit rotational isochrones. All three isochrones fall within the black solid curve. Right: The distribution of gyro-ages for all M34 I sequence stars calculated using P (t, B − V ) with coefficients determined from the M35 I sequence with an assumed age of 180 Myr. The distribution mean, median, standard deviation, and standard error on the mean are given in the upper left.
As demonstrated, the method of gyrochronology relies on fitting the I sequence with a rotational isochrone. The isochrone's functional dependence between stellar color and rotation period will thus directly affect the derived gyro-age. To constrain the color-period relation further we redetermine the a, b, and c coefficients of Equation [1] from a non-linear least squares fit to the M34 I sequence stars with a fixed cluster age (t) of 220 Myr. The coefficients with 1σ uncertainties are listed in Table 1 and the corresponding rotational isochrone is shown in Figure 13 . To illustrate how closely the isochrone trace the I sequence, we plot a dashed curve representing the moving average of the rotation periods along the I sequence. Table 1 . The moving average of the rotation periods for the I sequence stars is also shown as a dashed curve for comparison.
The translational term b in Equation 1, fixed to 0.4 by B07 to allow for more blue stars to be fitted, corresponds to the B − V color for F-type stars at the transition from a radiative to a convective envelope. This transition was noted from early observations of stellar rotation (the break in the Kraft curve, Kraft (1967) ) and is associated with the onset of effective magnetic wind breaking (e.g. Schatzman 1962 ). The fitted values of b for M35 and M34 suggest that blue (high-mass) end of the I sequence begins at the break in the Kraft curve and set the B − V color of the break to 0.472 and 0.481, respectively.
Long-term stability of stellar spots and spot-groups
The majority of the 120 phased light curves shown in Appendix A (Figure 14) , for both cluster and field stars, display a notable stability in the phase, shape, and amplitude of photometric variability over the ∼5 month duration of our survey. We discuss here two possible explanations for this stability: 1) Spots on the observed stars are significantly longer lived than sunspots, or, 2) Spots on the observed stars tend to emerge non-uniformly at preferred long-lived active longitudes.
Let us first examine the idea of long-lived starspots. On the Sun, larger sunspots live longer, with lifetimes increasing linearly with area. To first order, however, the solar lognormal spot size distribution is strongly dominated by small spots and largely unchanged (except for an overall scaling factor) over the solar cycle (Bogdan et al. 1988) . Even permitting a small fractional increase in larger spots at cycle maximum, allowed by the solar data, Solanki & Unruh (2004) found that when extrapolating to very active stars, small spots below the resolution limit still dominate. Furthermore, the enhanced differential rotation expected in the more rapidly rotating stars (∆P rot / P rot ∝ P 0.3 rot ; Donahue et al. 1996) would tend to decrease spot lifetimes due to increased shear. Thus we do not expect that an increase in numbers of spots will significantly change the average spot lifetime on stars.
We also note that there is no direct evidence that the solar log-normal spot size distribution holds for other stars. However, there is evidence that small spots dominate stellar surfaces. Measurement of TiO band depths (e.g. O'Neal et al. 1996) imply that a large number of unresolved spots are present on active stars, and high precision photometric measurements during stellar (Jeffers et al. 2006 ) and exoplanet eclipses (Pont et al. 2007; Lanza et al. 2009; Silva-Valio et al. 2010 ) indicate spots and spot groups similar in size to solar. Finally, there is also direct evidence that starspot lifetimes are short (Mosser et al. 2009 ) even if the lifetimes of large-scale spot groups can seem long on similar stars (e.g. Hussain 2002 ).
To reconcile these apparently disparate observations, the second possibility can be invoked: starspots emerge at preferred longitudes. If the "spots" seen by most photometric (and Doppler imaging observations) are actually mostly spot groups consisting of a range of smaller spots emerging at preferred longitudes, the observed spottedness can be maintained for long periods even if the underlying individual spots come and go. The only requirement is that the emergence rate is sufficiently high to maintain a quasi-steady "spot" size, but this is expected -at least on stars as young and active as those in M34. The Sun too shows evidence for preferred longitudes (Berdyugina & Usoskin 2003) , but the phenomenon is widespread in active stars (Korhonen & Järvinen 2007) . While seen most often in binaries, preferred longitudes are also observed in single stars (Berdyugina & Järvinen 2005) . We therefore suggest that the five month stability of rotational patterns on most of our objects is due to enhanced spot generation rates coupled with preferred longitudes of spot emergence.
SUMMARY AND CONCLUSIONS
We present the results of an extensive time-series photometric survey over ∼5 months of late-type members in the 220 Myr open cluster M34. We obtain a photometric precision of ∼0.5% and light curves for 5,656 stars with 12 V 20.8 over a 40 ′ ×40 ′ field on the cluster. We measure surface rotation periods for 120 stars and determine their cluster membership and binarity from the results of a 4-year radial-velocity survey in M34 and from published proper-motion measurements. The result is surface rotation periods for 83 kinematic and/or photometric cluster members.
The rotation periods of the 83 cluster members span over more than an order of magnitude from 0.5 day up to 11.5 days. Plotted as a function of stellar color in the color-period diagram, the 83 periods provide an exceptionally clear definition of the relationship between stellar rotation and stellar mass at 220 Myr. A comparison of our periods with those of recently published photometric surveys in M34 underscores the importance of high frequency and long time-baseline observations to minimize false period determinations, and of cluster membership information to minimize field star contamination.
The 83 rotation periods in M34 trace two distinct rotational sequences in the colorperiod diagram, representing two different states in their rotational evolution. Color-period diagrams for select younger and older clusters show similar sequences, and we compare these with M34 to study the mass-dependent timescales and rates of the spin-down of late-type stars. Analysis of the chronologically sorted color-period diagrams supports the idea that late-type stars evolve from fast to slow rotation on a timescale that is inversely related to the stellar mass. We estimate the timescales for the rotational evolution off the C sequence and onto the I sequence for G, early-mid K, and late-K dwarfs, respectively, to be 150 Myr, ∼150-300 Myr, and ∼300-600 Myr. We estimates the spin-down rate (dP/dt) through the gap between the sequences to ∼0.06 days/Myr and ∼0.08 days/Myr for early and late K dwarfs, respectively. These timescales and rates offer constraints on the rates of internal and external angular momentum transport and on the evolution rates of stellar dynamos in late-type stars of different masses.
A comparison of the M34 color-period diagram with that of the older Hyades clusters, confirms our finding in Paper I of mass-dependent deviations from the Skumanich √ t spindown rate on the main sequence. The K dwarfs spin down slower than the √ t rate from M34 (220 Myr) to the Hyades (625 Myr).
We use rotational isochrones constrained by the I sequence in M35 (Paper I) to determine a new gyrochronology age for M34 of 240 Myr from a fit to the M34 I sequence. We find that an assumed ∼10% age-uncertainty for M35 propagates into a ∼10% uncertainty on the gyro-age for M34 and conclude that the this effect is consistent with the systematic errors on gyrochronology ages estimated by Barnes (2007) . The range of gyro-ages found for M34 includes the mean stellar evolution age for the cluster of 220 Myr. We emphasize the small formal uncertainty of 2% on the gyro-age of M34. The small formal error reflects the well-defined I sequence in M34. We use the narrow I sequence in the M34 color-period diagram to further adjust the coefficients in the color-period relation for late-type stars.
Finally, we comment on a high level of stability in the phase, shape, and amplitude of the photometric variability of the 120 rotators over the ∼5 month duration of our survey. We propose that the observed stability is due to enhanced spot generation at active stellar longitudes.
We conclude by emphasizing that the color-period diagram for open star clusters can reveal sequences whose mass-and time-dependent changes constitute a crucial testing ground for future models of stellar angular momentum evolution -much like the color-magnitude diagram for models of stellar evolution.
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c ) based on least squares fits to I sequence stars in M35 (paper I) using t = 160 Myr, t = 180 Myr, and t = 200 Myr. Fourth column lists the coefficients determined from a least squares fit of P (t, B − V ) to the M34 I sequence using t = 220 Myr. 
A. PHASED LIGHT CURVES
This appendix presents the light curves for the stars in the field of M34 for which we measured rotation periods. In the printed journal, Figure 14 shows an example of the phased light curve plots. Phased light curves for all 120 stars can be found in the electronic edition of the Journal. The light curves have been divided into 3 groups according to the amplitude of the photometric variation. For each group the light curves are sorted by the rotation period and are presented with the same δV range on the ordinate. The group of stars with the largest photometric variability are shown first (in the electronic edition of the Journal). Table 2 in Appendix B is given in the upper left hand corner in each plot. The period to which the data are phased (the rotation period listed in Table 2 as P rot ) is given in the upper right corner. The letter code in the lower right corner informs about the stars membership status. The codes have the following meaning: Photometric Member (PM; described in Section 2.3), Kinematic (and Photometric) Member (KM), Non-Member (NM). In each plot a horizontal grey line mark δV = 0.0 and a vertical grey line marks a phase of 1.0. Table 2 presents the results from this study together with information relevant to this paper for 120 stars in the field of M34. In the printed journal a stub version of Table 2 show the form of the full table and a sample the first 5 lines of its contents. The full version of the table can be found in the electronic edition of the Journal. The stars appear in order of increasing rotation period and the running number in the first column corresponds to the number in the upper left hand corner of each light curve in Appendix A. Columns 2 and 3 give the stellar equatorial coordinates (equinox 2000) . Column 4 lists the measured stellar rotation period in decimal days. Columns 5 and 6 gives the stellar V magnitude and B-V color index, respectively, corrected for extinction and reddening. Column 7 presents the number of radial-velocity measurements for the star and columns 8 and 9 give the mean radial-velocity and the velocity standard deviation, respectively. Column 10 list the radial-velocity cluster membership probability calculated using the formalism by Vasilevskis et al. (1958) . Column 11 contains a proper-motion cluster membership probability from Jones & Prosser (1996) . In column 12 we give the membership codes (mcode) also found in the light curve plots as explained in Appendix A. Finally, in column 13 the rotational state of the star is indicated by a 1-letter code representing, respectively, the I sequence ("i"), the C sequence ("c"), and the gap ("g"). Stars with a "-" in column 13 have locations in the color-period diagram that do not correspond to either of the sequences or the gap. a Running number assigned to 120 rotators after sorting by rotation period.
B. DATA FOR THE 120 STARS WITH MEASURED ROTATION PERIODS IN THE FIELD OF M34
b Proper-motion membership probabilities are from (Jones & Prosser 1996) c etter code denoting a star's cluster membership status (see introductory text of Appendix for code meaning).
d etters "i", "c", and "g" mark stars on the I and C sequances or in the gap, respectively.
